Citrobacter rodentium is a bacterial pathogen that causes a murine infectious colitis equivalent to enterohemorrhagic Escherichia coli infection in humans. Colonic luminal fluid from C. rodentiuminfected mice, but not from sham-infected mice, contains active serine proteinases that can activate proteinase-activated receptor-2 (PAR2). We have identified granzyme A and murine trypsins to be present in C. rodentium-infected luminal fluid, as determined by mass spectrometry and Western blot analysis. Inflammatory indices (colonic mucosa macroscopic damage score, increased intestinal wall thickness, granulocyte infiltration, and bacterial translocation from the colonic lumen to peritoneal organs) were all increased in C. rodentium-infected mice, compared with shaminfected mice. Soybean trypsin inhibitor-treated wild-type mice and untreated PAR2-deficient (PAR2 ؊/؊ ) mice (compared with their wild-type littermates) both had substantially reduced levels of C. rodentium-induced inflammation. These data point to an important role for both pathogen-induced host serine proteinases and PAR2 in the setting of infectious colitis.
P
roteinase-activated receptors (PARs) are seven-transmembrane G-protein-coupled receptors that are activated by proteolytic cleavage of their N-terminal domain (1, 2) . To date, there are four members (PARs 1-4) in this receptor family. PAR 2 , which can be activated by ''trypsin-like'' serine proteinases, plays both a proinflammatory and a protective role in inflammation (3) . PAR 2 is highly expressed in the intestinal tract, where its activation induces acute inflammation of the mouse colon (4, 5) . Conversely, triggering of PAR 2 in the setting of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis exerts a pronounced antiinflammatory action (6) .
Bacterial infection of the intestinal tract also causes mucosal inflammation (7) . For instance, enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC) colonize the lumen of the intestinal epithelium and cause diarrhea and hemorrhagic colitis, respectively. Human-specific EPEC and EHEC strains share conserved virulence mechanisms, which involve attaching-effacing pedestal formation beneath adherent bacteria. Citrobacter rodentium is an attaching-effacing murine enteropathogen that serves as an animal model to study pathogen-induced host cell responses (e.g., cytoskeletal rearrangements) that confer colonization and infection of the host (8, 9) .
Apart from an understanding of the mechanisms by which pathogens infect the hosts, a growing body of evidence suggests that disease symptoms are largely due to pathogen-induced host inflammatory and immune responses (10) (11) (12) . An understanding of the mechanisms by which the host immune system is activated by these enteric pathogens is essential for the development of new therapeutic modalities for treating infectious colitis. Because E. coli strains are known to release extracellular serine proteinases (12) and proteinase-mediated activation of PAR 2 can play a role in modulating intestinal inflammation, we hypothesized that C. rodentium infection in mice would lead to the release of PAR 2 -activating proteinases and that this pathogen-induced activation of PAR 2 would contribute to host inflammatory responses.
Experimental Procedures
Reagents. All peptides were synthesized by the peptide synthesis facility at the University of Calgary. tert-Butyloxycarbonyl (Boc)-Gln-Ala-Arg-7-amino-4-methylcoumarin (AMC) was from Bachem (Hauptstrasse, Switzerland). Porcine pancreatic trypsin (T7418), soybean trypsin inhibitor (STI) (T9128), recombinantly expressed murine granzyme A (G6041), and STI-agarose (T0637), were from Sigma. All antibodies were from Santa Cruz Biotechnology unless indicated otherwise. C. rodentium was kindly provided by David Schauer (Massachusetts Institute of Technology, Cambridge) and stored at Ϫ80°C in 10% glycerol. After growth on MacConkey and Luria Bertani (LB) agar plates (PML Microbiologicals, Mississauga, ON, Canada) for 24 h at 37°C, C. rodentium was subcultured into LB broth overnight at 37°C. Six-week-old C57BL͞6 wild-type mice (Charles River Breeding Laboratories, St. Constant, QC, Canada) and PAR 2 -deficient (PAR 2 Ϫ/Ϫ ) mice (C57BL͞6 background and their wild-type littermates, bred at the University of Calgary) were used. Institutionally approved animal care and intervention protocols were used. Mice were challenged orogastrically with C. rodentium, 10 7 colony-forming units in 0.1 ml, or an equal volume of broth culture. Colonization was confirmed by culture of rectal swabs and͞or luminal contents on MacConkey agar plates for 24 h at 37°C. For STI treatments, mice were orally gavaged (100 l) with STI or its vehicle (distilled water) at a dose of 40 mg per mouse per day. The first dose was given 1 h before C. rodentium infection. At time of death, the colon was sterilely removed and, after removing fecal pellets, the lumen was flushed with 0.5 ml of sterile PBS, pH 7.4. Luminal contents were held at Ϫ80°C, until used in the in vitro assays.
Assessment of Inflammation and Bacterial Translocation. At different times after infection, mice were killed and colonic tissues were excised to assess macroscopic damage score using criteria de-scribed in ref. 5 . Bowel wall thickness was measured with a caliper, and myeloperoxydase (MPO) activity, an index of granulocyte infiltration, was assayed as described (5) . Bacterial translocation was assessed as described (5) , by plating blood collected under sterile conditions from mice 10 days after sham or C. rodentium infection. Samples were plated onto blood and MacConkey's agar and incubated for 24 and 48 h before counting the number of colony-forming units.
Preparation of Colonic Homogenates. Colonic homogenates were prepared with 30-40 mg of colonic tissue in 1.5 ml of 0.5% hexadecyltrimethylammonium bromide (Fluka) in potassium phosphate buffer and stored at Ϫ80°C until used in the in vitro assays. Cell Culture. Previously described Kirsten virus-transformed rat kidney cells (KNRK; American Type Culture Collection, Manassas, VA) permanently vector-transfected with rat PAR 2 (KNRK-PAR 2 ) were grown to 90% confluence with antibioticcontaining 10% FBS growth medium (Invitrogen), supplemented with 0.6 mg͞ml geneticin to maintain vector-selective pressure (13) (14) (15) .
Proteinase Activity Assay. Trypsin-like activity was determined by using a Fluoroskan Ascent microplate fluorometer (Thermo Electron, Franklin, MA) (excitation ϭ 355 nm; emission ϭ 460 nm). The hydrolysis rate over 20 min at room temperature of a luminal fluid sample (5 l) added to 200 l of substrate solution (75 M Boc-Gln-Ala-Arg-AMC in 50 mM Tris͞20 mM CaCl 2 buffer, pH 7.4) was standardized to the rate generated by known concentrations of trypsin.
Calcium Signaling Assay. Fluorescence signals caused by the addition of test agonists (C. rodentium-infected luminal fluid, C. rodentium-infected colonic homogenates, or PAR 2 -activating peptides) to a suspension of KNRK-PAR 2 cells (Ϸ1 ϫ 10 6 cells per ml) were compared with the fluorescence peak heights yielded by replicate cell suspensions treated with 2 M A23187 (Sigma) (15) (16) (17) (18) . PAR 2 cross-desensitization was done as outlined in ref. 19 . For this experiment, desensitization at the ligand activation site of PAR 2 was achieved by treatment of the KNRK-PAR 2 cells with two sequential additions of the PAR 2 agonist peptide SLIGRL-NH 2 (50 M), at 5-min intervals, before the addition of the putative PAR 2 agonist. The calcium response generated by the putative PAR 2 agonist after desensitization of PAR 2 was then compared to the calcium response generated by the putative PAR 2 agonist alone.
In-Gel Fluorescence Detection of Trypsin-Like Activity. In-gel trypsinlike activity after SDS͞12% PAGE resolution was detected in 200 M Boc-Gln-Ala-Arg-AMC-containing gels as described (20) (21) (22) . After sample separation by SDS͞PAGE at 4°C, the gel was washed with shaking in cold distilled water (seven times, 5 min), and incubated in trypsin assay buffer (0.2 M glycine, pH 8.9) at 37°C for 30 min. Fluorescent bands generated by substrate proteolysis were immediately visualized and recorded by a Gel Doc 2000 transilluminator (Bio-Rad).
Affinity Purification of C. rodentium-Infected Luminal Fluid with STI-Agarose. A column of STI-agarose (2 ml) was equilibrated with 10 ml of buffer (10 mM Tris͞500 mM NaCl, pH 8). C. rodentium-infected luminal fluid (325 l) was applied to the column and eluted with 75 mM glycine͞500 mM NaCl, pH 3, at a flow rate of 0.5 ml͞min. Ten 1-ml fractions were collected in tubes containing 50 l of 2 M Tris, pH 8. Trypsin-like activity in the fractions was measured as described above. Most of the activity was contained in eluent fractions 4-6.
SDS͞PAGE. Western blotting detection of activity based probe-modified
proteins. The activity-based probe, biotin-Pro-Lys-diphenylphosphonate (Bio-PK, Celera Genomics) was used to identify serine proteinases in the luminal samples. Two 60-l aliquots of trypsin (0.1 M) C. rodentium-and sham-infected luminal fluid (7.5ϫ dilution) were made in PBS. One aliquot of each solution was heated at 95°C for 10 min. All solutions were clarified by microfuge centrifugation. To the supernatant of each sample was added 0.6 l of Bio-PK (4 M in DMSO). After 35-min incubation, 14 l of each of the above solutions was added to 5 l of 4ϫ sample buffer (250 mM Tris, pH 6.8͞8% SDS͞40% glycerol͞0.08% bromophenyl blue) and 1 l of DTT (1 M). Samples were heated (5 min, 80°C), resolved by SDS͞PAGE, and transferred to poly(vinylidene difluoride) (Hybond-P, Amersham Pharmacia) membranes. Membranes were blocked with 2% casein and 0.1% Tween-20 in PBS (PBST), washed in PBST, treated with VectaStain (Vector Laboratories) in PBST, washed, treated with ECL reagents (Amersham Pharmacia), and exposed to film. Western blotting detection of trypsin and granzyme A. Samples were separated on SDS͞12% PAGE gels and transferred to poly(vinylidene difluoride) membranes. Membranes were washed (20 mM Tris͞137 mM NaCl, pH 7.5͞0.1% Tween-20), blocked with 5% skim milk, and incubated with goat polyclonal granzyme A antiserum (A-15) at a 1:100 dilution in 5% skim milk at 4°C overnight or rabbit polyclonal anti-human pancreatic trypsin antibody (Athens Research and Technology, Athens, GA) at a 1:2,000 dilution in 5% skim milk solution for 2 h at room temperature. The membranes were washed, treated with secondary antibody (anti-goat or anti-rabbit IgG-HRP) at a 1:15,000 dilution in 5% skim milk solution for 1 h, washed, treated with ECL reagents, and exposed to film.
Protein Sequence and Identification. Trypsin digestion, mass fingerprinting, sequencing of tryptic peptides, database searching, and protein identification were all performed at Wemb Biochem (Toronto) according to published procedures (23) .
Cleavage of a 20-mer Peptide (P20) Corresponding to the Cleavage͞
Activation Sequence of wt-rPAR2 Monitored by HPLC. The procedure used was similar to that described in ref. 13 . Trypsin (25 ng), granzyme A (450 ng), and C. rodentium-or sham-infected luminal fluid (3 l) was incubated with P20 peptide (200 M), which corresponds to the cleavage͞activation site of the wtrPAR 2 N terminus [ 30 GPNSKGR2SLIGRLDT 45 P-YGGC (2, trypsin cleavage site, -YGGC was added for affinity column coupling for another project)] in 50 mM Hepes͞150 mM NaCl, pH 7.5 (75 l). At various time points, the reactions were stopped with 0.1% trifluoroacetic acid (300 l). The hydrolysis products were resolved by HPLC (Waters, 5 m, C18 column) using a gradient of 0.1% trifluoroacetic acid in acetonitrile (0-70%), visualized at 214 nm, collected, and analyzed by mass spectrometry (MALDI).
Data Analysis. Comparisons among groups were made by using two-tailed Student's t test with Bonferroni correction. Data are expressed as mean Ϯ SEM, and a P value Ͻ 0.05 was considered significant.
Results
Failure to Detect Proteolytic Activity Released by C. rodentium.
Because bacteria are known to contain serine proteinases (24, 25) , we tested various preparations of C. rodentium for the release of trypsin-like activity using Boc-Gln-Ala-Arg-AMC as a substrate (26, 27) . Incubation of this substrate in the presence of either intact or outer membrane preparations of C. rodentium did not demonstrate trypsin-like activity. Bacteria grown under anaerobic conditions also failed to cleave this substrate (data not shown).
Proteolytic Activity Specifically Released in Vivo After C. rodentium
Infection. Next, we tested the hypothesis that ''trypsin-like'' proteinases could be released in vivo from C. rodentium-infected host animals. The luminal fluid washes collected from C. rodentium-infected and sham-treated mice were tested for proteinase activity by using the same Boc-Gln-Ala-Arg-AMC substrate. Luminal fluid collected 3, 7, and 10 days after C. rodentium infection in mice exhibited considerable proteolytic activity compared to sham-infected mice (Fig. 1) . The trypsin-like activity of the C. rodentium-infected luminal fluid was completely inhibited by adding STI (2 g͞ml) to the samples (data not shown) and was significantly reduced in mice treated with STI (40 mg per mouse per day) (Fig. 1 ).
Proteinase(s) Released in Vivo on C. rodentium Infection Activate PAR2. Luminal fluid, collected 10 days after C. rodentium infection, with trypsin-like activity was evaluated for activating PAR 2 in a PAR 2 -transfected KNRK cell calcium mobilization assay (13, 14) . Luminal fluids from 17 of 26 (65%) C. rodentiuminfected mice induced calcium mobilization in PAR 2 -transfected KNRK cells (Fig. 2) , but not in the nontransfected cells (not shown). Using calcium ionophore A23187 (2 M) as a standard, C. rodentium-infected luminal fluid (100 l) provided an average response of 29 Ϯ 6% (n ϭ 26) (Fig. 2 A) . In contrast, there was no calcium mobilization in response to either sham-infected luminal fluid (100 l) (n ϭ 12) or STI-treated (2 g͞ml) C. rodentium-infected luminal fluid (100 l) (n ϭ 3).
Colonic homogenates from C. rodentium-infected mice also induced a calcium mobilization response (Fig. 2 A) . The response to the colonic homogenates (200 l) was 12 Ϯ 7% of the calcium ionophore (2 M)-induced signal (n ϭ 4). Half of the samples elicited a response, whereas half were inactive. None of the colonic homogenates from sham-infected mice induced calcium mobilization.
To confirm that C. rodentium-infected luminal fluid-induced calcium mobilization in KNRK-PAR 2 cells was caused by activation of PAR 2 , a cross-desensitization assay was done (19) . The PAR 2 -selective agonist SLIGRL-NH 2 (50 M) caused robust calcium mobilization (Fig. 2B) . Ensuring that all PAR 2 receptors had been desensitized, the second dose of SLIGRL-NH 2 (50 M), added 5 min after the initial treatment, did not mobilize calcium. The subsequent addition of C. rodentium-infected luminal fluid (100 l) to the PAR 2 desensitized cells did not elicit a calcium mobilization response (n ϭ 4), whereas the addition of the same luminal samples to nondesensitized cells did (Fig. 2B ). The drop in calcium level is due to a decrease in the concentration of cells. These results demonstrated pharmacologically that the calcium response to C. rodentium-infected luminal fluids was indeed caused by the activation of PAR 2 . There was a direct correlation between the trypsin-like activity in samples of C. rodentium-infected luminal fluid and the degree of calcium signaling in PAR 2 -transfected KNRK cells (Fig. 2C) .
Identification of Proteinases Released On C. rodentium Infection.
Because the trypsin-like activity in the C. rodentium-infected luminal fluid activated PAR 2 , the next step was to identify the activating proteinase(s). Fluorescent in-gel assays were performed to identify simultaneously the molecular masses and substrate cleavage by proteinases with trypsin-like activity (20) . Luminal fluid collected 10 days after C. rodentium infection contained highly active proteinases (Fig. 3A ) with molecular masses of Ϸ60 and 24 kDa (lane 2). The sham-infected luminal fluid was devoid of proteinase activity (lane 3). Tryptic digestion followed by mass fingerprinting and sequencing of the tryptic peptides of the fluorescent gel pieces identified trypsinogen 16 and granzyme A in both the upper and lower bands.
To show that the proteinase activity from the C. rodentiuminfected luminal fluid was trypsin-like, the samples were treated with STI (1 g) for 10 min before treatment with sample loading buffer and SDS͞PAGE (Fig. 3B) . The activity of trypsin (Fig. 3B,  lane 2) and C. rodentium-infected luminal fluid (Fig. 3B, lane 4) was inhibited by STI treatment, compared to controls (Fig. 3B,  lanes 1 and 3) (n ϭ 4) . Because the proteinase-activity was inhibited by STI, C. rodentium-infected luminal fluid was purified by affinity chromatography using an STI-agarose column. Mass spectral analysis of the eluent fractions with trypsin-like activity identified granzyme A, kallikrein B, and trypsinogen 16 from the Mus musculus genome in the sample.
Tryptic digestion followed by mass fingerprinting and sequencing of the tryptic peptides was also done on unpurified samples of C. rodentium-and sham-infected luminal fluid collected 10 days after infection. The top 100 ''hits'' of both samples were compared. The proteinases trypsin 3, trypsinogen 9, trypsinogen 11, tryptase 4, and trypsinogen 16 (listed from highest score to lowest score) from the M. musculus genome were identified in the crude C. rodentium-infected luminal fluid sample. No other proteinases were found from the database, including prokaryotes. Trypsinogen 16 was the only proteinase found both in the C. rodentium-infected and in the sham-infected luminal fluid samples.
Serine proteinases can also be identified by using activitybased probes (ABPs). The serine proteinase specific ABP, Biotin-Pro-Lys-diphenylphosphonate (Bio-PK) was incubated with luminal fluid followed by separation on SDS͞PAGE and visualization using standard Western blotting techniques. The ABP labeled a 28-kDa active serine proteinase in C. rodentiuminfected luminal fluid (Fig. 3C, lane 2) , but not in the shaminfected luminal fluid (Fig. 3C, lane 3) (n ϭ 4) . Its molecular weight distinguished this active proteinase from that of porcine pancreatic trypsin (Fig. 3C, lane 1) . Upon heating the samples, ABP labeling was diminished for trypsin (Fig. 3C, lane 4) and abrogated for the C. rodentium-infected luminal fluid (Fig. 3C , lane 5).
Western blot analyses using trypsin and granzyme A antisera confirmed the presence of trypsin (Fig. 3D) (n ϭ 4) and granzyme A (Fig. 3E ) (n ϭ 3) in luminal fluids collected 10 days after infection in C. rodentium-infected mice, but not shaminfected mice. It is well known that trypsin activates PAR 2 , but it has not yet been shown that granzyme A activates PAR 2 . Although calcium mobilization experiments did not show activation of PAR 2 by granzyme A (data not shown), treatment of a peptide containing residues 30-45 of the rat PAR 2 sequence (P20 contains the PAR 2 cleavage-activation sequence) with granzyme A (194 nM) for 20 h yielded 22 Ϯ 2% (n ϭ 3) conversion to the PAR 2 -activating peptide SLIGRL. . . , as confirmed by mass spectral analysis. In addition, treatment of P20 for 2 h with luminal fluid collected 10 days after C. rodentium infection provided 94 Ϯ 4% (n ϭ 4) of the receptor-activating peptide SLIGRL. . . (n ϭ 4), whereas the sham-infected luminal fluid samples did not (n ϭ 4). As a positive control, P20 treated with trypsin (14 nM) for 20 min gave 94 Ϯ 2% (n ϭ 3) of the PAR 2 -activating peptide SLIGRL. . . . PAR2 Activation and ''Trypsin-Like'' Proteolytic Activity Are Implicated in C. rodentium Infectious Colitis Pathogenicity. Thus far, our results showed that proteolytic activity was released specifically upon C. rodentium infection in the colonic lumen, and that we could identify the PAR 2 -cleaving enzymes trypsin and granzyme A as the major proteinases released upon infection. Moreover, C. rodentium infection-induced proteolytic activity was able to cleave and activate PAR 2 . Next, we evaluated whether proteolytic activity and PAR 2 activation are important for the development of murine infectious colitis induced by C. rodentium. In preliminary experiments, we observed that, compared with sham-infected mice, colon samples from C. rodentium-infected mice exhibited a number of inflammatory indices such as increased macroscopic damage score (Fig. 4A) , increased wall thickness (characteristic of hyperplasia, Fig. 4B ), granulocyte infiltration (Fig. 4C) , and bacterial translocation to peritoneal organs. Bacterial translocation was maximum at 10 days (Fig.  4D) . The appearance of these inflammatory signs (Fig. 4) correlates with the presence of proteolytic activity in luminal washes (Fig. 1) . In wild-type (PAR 2 ϩ/ϩ ) mice, all of these inflammatory indices were significantly higher in C. rodentiuminfected mice compared with sham-treated mice at 3, 7, and 10 days after C. rodentium infection (Fig. 4) . In contrast, in C. rodentium-infected PAR 2 -deficient (PAR 2 Ϫ/Ϫ ) mice, there was markedly reduced (3 and 10 days) or absent (7 days) colonic macroscopic damage (Fig. 4A) . Similarly, in the PAR 2 -deficient mice, wall thickness (Fig. 4B), granulocyte infiltration (Fig. 4C) , and bacterial translocation (Fig. 4D ) in response to C. rodentium infection were all substantially reduced, compared with those of the wild-type (PAR 2 ϩ/ϩ ) mice. Similar bacterial (C. rodentium) counts were observed in the colon of wild-type and PAR 2 -deficient mice, thus excluding the possibility of different infection rates by C. rodentium in these mice. Because we had identified an STI-inhibited proteinase in the infected luminal samples, we hypothesized that the oral administration of STI might attenuate the C. rodentium-induced colitis. Treatment of wild-type C. rodentium-infected mice with STI significantly reduced the increase in damage score (Fig. 4A) , wall thickness (Fig. 4B), granulocyte infiltration (Fig. 4C) , and bacterial translocation (Fig. 4D) . STI treatment also reduced proteolytic activity observed in luminal washes of mice 10 days after C. rodentium infection (Fig. 1) , further supporting the idea that STI exerts antiinflammatory effects by inhibiting proteolytic activity in the colon of infected mice. Treatment of PAR 2 -deficient mice with STI did not further reduce inflammatory parameters (Fig.  4 A-C) .
Discussion
The major findings of this study are that (i) enteric bacterial infection can liberate PAR 2 -activating proteinases in vivo, and (ii) the presence of PAR 2 and proteolytic activity in the colon can play a major role in the host inflammatory response to enteric bacterial infection. The ability of luminal fluid obtained from C. rodentium-infected mice, that possessed trypsin-like activity (Fig.  1) to activate PAR 2 , was substantiated by the PAR 2 -mediated cross-desensitization calcium signaling assay done in vitro (Fig. 2  A and B) . Neither the trypsin-like activity nor the PAR 2 -activating activity was present in sham-infected animals. Both the enzyme and PAR 2 -activating activities were abrogated by STI (Fig. 2B) . This result paralleled the ability of oral STI administration to attenuate the inflammation caused by C. rodentium in vivo.
Cell types that express PAR 2 in the intestinal tract include epithelial cells, sensory neurons, fibroblasts, mast cells, smooth muscle cells, and endothelial cells (28) . The neuronal expression of PAR 2 may be of particular importance, because PAR 2 activation of sensory nerves induces neurogenic inflammation (29, 30) . Other data substantiate a role for neurogenic inflammation per se, and activation of the enteric nervous system in the setting of infectious colitis (4, 5, 30) . Thus, a proinflammatory role for PAR 2 , as shown by the data presented in Fig. 4 , can be expected in an acute condition such as infectious colitis. However, in the 2,4,6-trinitrobenzene sulfonic acid model of colitis PAR 2 activation of the enteric nervous system mediates an antiinflammatory effect (6) . These seemingly paradoxical results can be explained by the fact that activation of the enteric nervous system is protective in models of inflammatory bowel diseases (31, 32) , whereas inflammation caused by enteric infections is mediated largely by neurogenic mechanisms (33) .
For this study, we hypothesized that proteinases, possibly released from C. rodentium itself, would be responsible for the activation of PAR 2 , because bacteria are known to contain serine proteinases (24, 25) and strains of E. coli secrete the serine proteinase EspP (34) . Moreover, other studies have shown that bacterial proteinases, such as Porphyromonas gingivalis gingipains, can activate PAR 2 (35) . However, we were unable to detect trypsin-like activity in intact or outer membrane preparations of C. rodentium grown under a variety of culture conditions. By contrast, in the luminal fluid from the colons of C. rodentium-infected mice (but not sham-infected control animals), mass fingerprinting and sequencing of tryptic peptides identified mammalian trypsin 3, trypsinogen 9, trypsinogen 11, tryptase 4, and trypsinogen 16 from the M. musculus genome. No other proteinases were identified from the database, including prokaryotes. After STI-agarose affinity purification, mass spectral analysis identified sequences consistent with granzyme A, kallikrein B, and a proteinase similar to airway trypsin. Granzyme A and trypsin immunoreactivity were also detected in the C. rodentium-infected luminal fluid by Western blot analysis. Thus, rather than secreting a bacterial proteinase, C. rodentium infection in vivo induces host tissues to release PAR 2 -activating serine proteinases. Granzyme A and kallikrein B are both known to be inhibited by STI (36, 37) , and it is possible that the inhibition by STI of these proteinases could account for its antiinflammatory effects in vivo. It also needs to be recognized that human mesotrypsin (38) and trypsin IV (39) are not inhibited by STI, and, in fact, mesotrypsin degrades STI. This finding could explain why the proteolytic activity was not completely abolished in the in-gel assays shown in Fig. 3B . However, it is not known which murine trypsins correspond to these human trypsins. Here, we have described bacterial-induced proteinase release from host tissues. Results obtained with the PAR 2 null animals and with the oral administration of STI indicate that this bacterial-induced release of proteolytic activity by the host tissue, in concert with the activation of PAR 2 , plays a major role in the host inflammatory response. Given the striking PAR 2 -dependent inflammatory effect of bacterially released proteinases in the murine model, we suggest that a comparable mechanism could be operational in humans. The identification of the precise target (e.g., enteric nerves) of bacterially mediated PAR 2 activation should provide insights for the design of novel therapeutic modalities for the treatment of infectious intestinal inflammatory diseases.
